A c c e p t e d M a n u s c r i p t
Governing land use to achieve sustainable outcomes is challenging, because land systems 20 manifest complex land use spillovers -i.e. processes by which land use changes or direct 21 interventions in land use (e.g., policy, program, new technologies) in one place have impacts 22 on land use in another place. The ERL issue "Focus on Leakage: Informing Land-Use 23
Governance in a Tele-coupled World" builds on discussions in an international expert 24 workshop conducted in Berlin in November 2017 to explore innovative ways to improve our 25 understanding of how governance interventions, new technologies and other factors can 26 affect land-use change both directly and indirectly through spillovers. This editorial starts by 27 clarifying the definitions and relationships between land-use spillover, indirect land use 28 change (iLUC) -a form of spillover where land use change in one place is caused by land use 29 change in another place -leakage -a form of land use spillover, which is caused by an 30 environmental policy (e.g., a conservation or restoration intervention), and the spillover 31 reduces the overall benefits and effectiveness of this intervention -, and displacement 32 processes. We then use this terminology to summarize the individual contributions of this 33 special issue and conclude with lessons learned as well as directions for future research. 34 35 Page 1 of 15 AUTHOR SUBMITTED MANUSCRIPT -ERL-108191 .R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1. Introduction 36 Amid growing global demand for food and non-food biomass, new and innovative 37 commodity supply chain interventions and hybrid governance arrangements are being 38 devised by private, public, and civil society actors to minimize sustainability trade-offs 39 among the goals of the Agenda 2030 (Timko et al. 2018 ). Governing land-use is challenging, 40 because land-use systems are complex with drivers operating directly and indirectly through 41 dynamic interactions and feedbacks (Meyfroidt et al. 2018) . One type of indirect effect is the 42 displacement of land-uses to near or remote sites, often described as either a spillover effect 43 or leakage. Spillover effects are inherently more difficult to detect and quantify than direct 44 cause-effect relationships in telecoupled land-use systems, and can lead to both positive 45 (reinforcing) and negative (counteracting) social and environmental impacts ( Acknowledging that there is still a significant level of confusion around terminology and 71 uncertainty in the causal mechanisms of indirect effects of land-use change drivers, this 72 editorial starts by clarifying the definitions and relationships between land-use spillover, 73 leakage, and displacement processes. We then build on this terminology to summarize the 74 individual contributions of this special issue and conclude with lessons learned and directions 75 for future research. 76 77 1 "Land use spillover and leakage effects: Towards integrating concepts, empirical methods, and models", November 9-10, 2017, Berlin, Germany. See: https://www.zef.de/index.php?id=2879
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Spillovers in land system science: Definition and categories
78 Building on economics, policy analysis and land system science, we refer to land-use 79 spillovers as the process by which land-use changes or direct interventions in land use (e.g., 80
policy, program, new technologies) in one place have impacts on land use in another place 81 (Meyfroidt et al. 2018 ). The notion of spillovers thus often relates to "indirect impacts". 82
Land-use spillovers manifest themselves through changes in land cover, use, or management 83
practices. This definition leads to four key insights: 84
1. Spillovers take various forms: They can occur across and within places, agents, or 85 land use and commodities not targeted by the intervention or not affected directly by 86 the initial land-use change (Garrett et al. 2019 ), or through indirect effects outside the 87 time window of an intervention (e.g. Jacobson 2014). 88
2. Spillovers can be positive or negative, i.e. reinforcing or counteracting the impacts 89 of the intervention or the initial land-use change. 90
3. Spillovers primarily refer to effects on the land-use change or outcome targeted by the 91 intervention or initially affected (e.g., deforestation spillover from an anti-92 deforestation intervention), but the notion can also cover impacts on non-targeted 93 or indirectly affected variables. For practical reasons, indirect effects are generally 94 considered as spillovers when they affect variables in the same domain as the 95 variables directly affected, but see below the discussion on leakage. 96
4. An often-discussed criterion for spillovers is that they are unintended or unexpected 97 by an intervention's design (Lim et al. 2017 ). This often proves to be a poor criterion, 98
as the intentions and knowledge of a program's designers may be ambiguous, 99 exploratory, or simply unknown. 2 We therefore argue that spillovers can be intended 100 and expected, or not. 101
An underlying definitional criterion of spillover ( Figure 1a ) remains that an intervention 102 or another cause (X), by affecting land use (Y), has an indirect causal impact on a non-103 targeted outcome (Z) in a different domaini.e., a combination of (i) a geographic space, 104
(ii) a set of actors, and (iii) a set of land uses, commodities or land use impacts) (see 105 Figure 1 and details below). 106 107 108 2 Researchers may use the notion of spillovers even for interventions where policy-makers decided to protect a highly valued area, while being aware of potential side effects elsewhere (to less valuable areas or outside their jurisdiction or mandate) (Bastos- Lima et al. 2019 ). The degree of control by program designers on spillovers may also be very variable, and some authors do not mention this criterion at all (Pfaff and Robalino 2017). We define land use leakage ( Figure 1d ) in a strict sense as a form of land use spillover, 127 which is caused by an environmental policy (e.g., a conservation or restoration intervention), 128
and where the spillover reduces the overall effectiveness of this intervention (Meyfroidt et al. 129 2018, Garrett et al. 2019 ). We focus here on environmental interventions, but the same 130 reasoning can be applied to policies that pursue other objectives such as social or economic 131 goals. Following this definition, all land use leakage occurs through iLUC. 132 We highlight three key elements to define the concept of leakage in a strict sense: 133 1. A causal linkage from an environmentally-related intervention. 134
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3. Leakage (sensu stricto) has a negative (counteracting) effect on this variable. 138
Some broader definitions of leakage relax one or several of these criteria, or introduce 139 complementary terms. Complete relaxation of these criteria would make leakage synonymous 140 with spillovers and thus render the term useless. Yet, in practice, it can be tricky to fully 141 apply the criteria above. 142
First, demonstrating the causal attribution of leakage can prove extremely difficult, due to 143 methodological limitations but also to the complex nature other studies used the vocabulary of land use displacement ( Figure 1f ) to refer to "a 150 temporal, spatial, social or sectoral separation between consumption and production of a 151 material good" (Meyfroidt and Lambin 2009, p. 16139), or a "geographic shift of land use 152 from one place to another" (Meyfroidt et al. 2013, p. 440 ). This term thus allows 153 characterizing forms of distant impacts when the evidence for a causal link with a given 154 intervention or initial land-use change, and thus the characterization as "spillover", cannot be 155 made firmly or may not exist (see Figure 2 ). 156
Second, environmental policies typically have multiple targets that can be defined more or 157 less precisely (e.g., by a clear indicator such as carbon emissions, or a broad objective such as 158 "sustainability"), and the fundamental goals of agents (policy-makers, households, 159 enterprises, etc.) are often broader than what is covered by a single intervention. Evaluating 160 trade-offs between multiple impacts thus often requires assessing spillovers on dimensions 161 that were not initially considered in the intervention. As knowledge and awareness of new 162 issues increases, and intervention goals evolve, certain spillovers can come to be framed as have multiple positive and negative spillovers. Some authors have thus used 'inverted 168 leakage' or 'positive leakage' to refer to spillovers that have positive impacts on the targeted 169 variable. However, we believe that because of its negative connotation, the word 'leakage' is 170
best reserved for impacts that are indeed negative, and suggest referring to positive land use 171 spillover (Figure 1e ) in other cases (Pfaff and Robalino 2017 187 We grouped the papers published in this Special Issue based on the above terminology, to 188 synthesize their key contributions ( Figure 2 ). Here we discuss what we have learned about 189 these phenomena, the next challenges in terms of knowledge and data gaps, and 190 methodological frontiers, and the implications for policy-makers. We then distill broader 191 insights that emerge from this set of studies. implications from a series of successively more complex models to analyze core economic 201 mechanisms behind land use leakage and spillovers. This work shows that economic 202 responses to scarcity (i.e., biomass supply and demand responses), including through land use 203 spillovers, dampen the extent of cropland expansion in the face of growing demand and 204 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t output model EXIOBASE. The EXIOBASE upgrade is linked with the life-cycle impact 251 assessment model LC-Impact to assess land use effects on biodiversity. For the period 2000  252 to 2010, the analysis shows that oil seed consuming countries substituted significant amounts 253 of domestically produced oil seeds with relatively low biodiversity impacts by Indonesian 254 palm and Brazilian soybean oil, leading to land-use displacement towards these countries. 255
What have we learned from this Special Issue's papers?
The authors warn against devising unilateral demand-side policies focused on specific oils, 256 such as palm oil, which could lead to substitution effects (between oils) and unintended shifts 257 of environmental impacts. 258 Schierhorn et al. (2019) take a consumption-based perspective pointing to large GHG 259 emissions savings from food system changes associated with the collapse of the Soviet Union 260 and subsequent economic recovery. Their analysis shows how emission changes were mainly 261 driven by decreasing beef consumption in the 1990s and increasing beef imports after 2000. 262
Despite the associated land use displacement, changes in consumption behavior, combined 263
with carbon sequestration in soils on abandoned agricultural land, led to net GHG emission 264 savings. This highlights the importance of jointly considering production and consumption 265 changes to understand the systemic transformations that mediate land-use displacement and 266 its outcomes. 267 268 respond to the availability of knowledge on future infrastructure improvements, leading to 283 speculation. The study also suggests, less robustly, that changes in conservation policy 284 implementation in the Brazilian Amazon affected land prices in the neighboring Cerrado 285 region. Further research is needed to explore whether (1) these price changes translate into 286 cross-regional leakage of deforestation from one into another biome and (2) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t enrolled into an experiment, this modifies their behavior. These findings suggest that 299 econometric studies identifying micro-leakage processes may require complementary case-300 studies to characterize the underlying mechanisms. 301 Batista et al. (2019) analyze the implications of national pasture restoration programs, 302
Indirect land use change, land use leakage, and other spillovers
including land-use and non land-use spillovers using a life-cycle analysis (LCA)-extended 303
multi-sectoral simulation model of the ranching system in Mato Grosso state in Brazil. Their 304 findings suggest that a GHG mitigation strategy focused more heavily on pasture restoration 305 produces the least favorable economic and GHG emissions outcomes when compared to 306 alternatives that additionally rely on supplementary feeding. Their results do not indicate 307 strong direct or indirect effects on land cover change in any of the pasture restoration 308 scenarios. However, they suggest that Brazil seek a more diversified strategy for cattle 309 intensification in its climate change mitigation policy. 310 uses an econometric approach to explore whether technology improvements 311
in agriculture contributed to reducing greenhouse gas emissions from land conversion, 312
including in biodiversity rich biomes at global scale in the period from 2000 to 2010. Villoria 313 finds that indirect land use change effects explain why agricultural productivity growth saves 314 land and still contributes to degrading natural ecosystems. The study shows that agricultural 315 land expanded in many countries that experienced strong productivity increases, confirming 316 the so called "Jevon's Paradox", whereas agriculturally used land contracted in other parts of 317 the worldan environmentally often costly process of iLUC. Villoria also predicts that 318 current rates of agricultural productivity growth are insufficient to avoid future net expansion 319 of agricultural land uses at global scale. 320
Richards and Arima (2018) investigate how capital surpluses during periods of high 321 profitability are driving the expansion of soy production at Brazil's agricultural frontiers. 322
Temporary surpluses, rather than continuously growing international demand and 323 corresponding producer expectations, allow farmers to reinvest profits for additional land 324 acquisition and clearing. In the absence of alternative investment options, relaxation of 325 capital constraints on expansion in the farm sector then appears to become a key mechanism 326 driving iLUC. 327
zu Ermgassen et al. (2019) use supply chain transparency data from Trase to monitor zero 328 deforestation commitments (ZDCs) in the Brazilian soy sector. A jurisdictional approach 329 allows to account for local spillovers within municipalities of production. They observe no 330 change in the exposure of companies or countries adopting ZDCs to soy-associated 331 deforestation in the Cerrado. They conclude that the formulation and implementation of these 332
ZDCs present several systematic weaknesses that can induce leakage, related to definition of 333 deforestation, the responsibility of subsidiary companies and joint ventures, vagueness in the 334 stringency of the commitments, regions covered, cut-off points and others. 335 Heilmayr et al. (in press) quantify deforestation spillovers from the Roundtable on 336
Sustainable Palm Oil (RSPO) certification system in Indonesian Borneo (Kalimantan), both 337 leakage and positive spillovers, using an econometric model. They develop a detailed 338 framework to articulate the plausible causal mechanisms of spillovers transmitted within 339 corporate groups and through local agricultural markets, including economic processes but 340 also learning, nonpecuniary motivations and ecological-physical links. They show that these 341 mechanisms can be partly disentangled by analyzing the spatial patterns in spillovers. 342
Certification reduced the likelihood of forest clearing within the certified supply bases. 343
Spillovers were spatially heterogenous, with counteracting positive and negative spillovers 344 resulting in, overall, an insignificant net total direct and indirect impact of RSPO certification 345 on deforestation in comparison to overall deforestation from oil palm expansion in 346
Kalimantan. 347
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consumption) occurs ). This integration can favor efficiency in the reallocation 398 of inputs via global trade, but may also lead to greater overall land use demands, depending 399 on the underlying technology levels in the susceptible regions 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t between modeling and empirical approaches lie in (1) the exchange of data and joint 442 generation of hypotheses, (2) empirical parameterization of critical model mechanisms, such  443 as land-supply elasticities, (3) the use of modelling to inter-and extrapolate available spatial 444 data to be used for empirical evaluation of spillover effects, and (4) the measurement of 445 stickiness of commodity flow dynamics at various scales. Similarly, causal attribution of 446 leakage requires complementary methodological frameworks, for instance by linking 447 empirical research using big data to investigate large-scale patterns with complementary case 448 studies to verify hypothesized spillover and leakage phenomena at micro-scale, and better 449 characterize the role of specific agents (e.g., producers, traders, investors) in these 450
phenomena ( modelling approaches also opens promising avenues. Economically motivated global trade 455 models and land use simulation modelling informed by environmental science can be 456 combined by generating summary functions or coupled meta-models. Such models may be, in 457 turn, linked with MRIO and LCA methods using new data types (e.g., Trase). 458
Finally, research is needed to support the development of "adaptive management" approaches 459
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